At the present time risk analysis is an effective management tool used by environmental managers to protect the environment from inevitable anthropogenic activities. There are generic elements in environmental risk assessments, which are independent of the subject to which risk analysis is applied. Examples of these elements are: baseline study, hazard identification, hazards' concentration assessment, risk quantification, etc. Another important example of such generic elements is exposure assessment, which is required in a risk analysis process for landfill leachate as it would in any other environmental risk issue. Furthermore, computer models are also being developed to assist risk analysis in different fields. However, in the review of current computer models and literature particularly regarding landfills, the authors have found no evidence of existence of a holistic exposure assessment procedure underpinned with a computational method for landfill leachate. This paper, with reference to the relevant literature and models reviewed, discusses the extent to which exposure assessment is absent in landfill risk assessment approaches.
area of application, one of the important parts of risk analysis is exposure assessment (Moschandreas et. al., 2002) . In the literature review carried out by the authors (examples and further details are contained in Table 1 and Section 2.0), it was concluded that risk analysis approaches for landfill leachate do not have a holistic exposure assessment procedure aided with a computer model. A number of important elements of exposure assessment that are absent in risk analysis approaches and computer models are also discussed below.
Definition and Terminology Implications
Figure 2 represents overall structure of risk analysis with a range of building blocks including baseline study, hazard identification, exposure assessment, hazards' concentration assessment, pollutants' migration assessment, significance assessment, uncertainty assessment, hazard indices, and risk quantification. In the UK the term generally used is risk assessment as opposed to risk analysis which is more often referred to in the US. Therefore, the authors have noticed that both terms are used in literature interchangeably. Thus, this paper uses both risk assessment and risk analysis terms interchangeably. This also helps to cover international audience rather than only national.
The In the context of landfill risk analysis, the authors describe an exposure assessment process as that fundamental stage of a risk assessment exercise in which a given landfill i.e. the pollutant source is characterised and, pathways and environmental receptors are identified and categorised. For this, the basic information is to come from the baseline study module of the risk assessment where the relevant information would have already been gathered by the risk assessor (Butt and Oduyemi, 2000) . Similarly, hazards / pollutants would have already been specified in the hazard identification section of the risk assessment (Butt et. al., 2006b ). In exposure assessment, in addition to identification, characterisation and categorisation of the hazards' source, pathways and receptors / targets, exposures of the identified receptors to the identified hazards through identified pathways are also quantified to support the quantitative risk analysis. It is worth mentioning that the term 'holistic' in this paper implies an overall framework or system, covering all aspects and factors of the exposure assessment from the point of view of leachate.
LITERATURE ON RISK ANALYSIS AND EXPOSURE ASSESSMENT
Literature on risk assessment that is related to environmental issues and specifically regarding landfills has been the main focus of the review. This literature review includes, for instance, Table 1 ). In this study not only latest but some old literature have also been considered in order to ensure if any developments on the subject were made in the far past. The review of literature clearly shows that exposure assessment is a crucial factor in an environmental risk analysis because hazards' source, pathways, and receptors have to be specified and exposures have to be measured in order to be able to establish the degree and nature of risks. The following two sub-sections explain why the development of a strategic framework of exposure assessment is necessary for landfill leachate. Table 1 shows that the current literature (and computer models discussed in Section 3.0) regarding risk analysis and exposure assessment are just about sufficient to meet the current legislation requirements such as drinking water standards. The literature mainly considers humans as receptors.
Current and Future Legislation
Furthermore, in terms of the development of an overall exposure assessment procedure, there is a lack of attention given to some other aspects. Some examples of such aspects are:
 Receptors other than humans, such as aquatic and terrestrial flora and fauna (like fish, crops);  Natural and yet non-living receptors such as land / soil, air, watercourses / groundwater, etc.;
 Built environment comprising such as human-made ponds, buildings, and structures;  Water courses other than used by humans for drinking such as rivers of various water grades (SI, 1994b); and  Statistical descriptions for maximum and mean exposure quantification, in order to assist with measuring risks for worst case and most likely scenarios, respectively, in a risk analysis process.
The above listed areas become more important when future legislation is expected to be more stringent, inclusive and integrated (Section 1.0). For instance, the Water Framework Directive (EC, 2000) will be transposed into the UK legislation in the near future. This Directive includes new requirements for protection and restoration not only of ground waters but also surface waters and dependent ecological systems (Environment Agency, 2003a). Similarly, the Landfill Directive and Regulations take it even beyond surface and ground waters only, thereby, including air, soil, global environment, greenhouse gases, and human health on the top of surface and ground waters (EC, 1999; SI, 2002; 2004; 2005; Scottish Executive et. al., 2005) . Another directive, generally referred to as Habitat Directive (EC, 1992), brings legal obligation to combat hazards in order to guard and enhance natural habitats and wild fauna and flora. On basis of these examples of legislation which are tending to be a lot more holistic than ever before, it can be concluded that an even more integrated approach towards exposure assessment and subsequently risk analysis is required. publications, only multi-media and multi-pathway exposure and risk assessment of contamination due to an industrial facility are discussed (e.g. Bagli and Spadoni, 2000) . Some publications (such as Eduljee, 1998; DoE, 1995) consider exposure analysis in a general context and focus only on humans as receptors. Some literature concentrate on exposure from contaminated land perspective but not specifically landfills. Further details are given in Table 1 . In summary, there does not exist such an exposure assessment procedure, which allows integrated considerations of all the factors listed in (the first row of) Table 1 for all environmental receptors, both living and non-living, via all exposure routes.
COMPUTER MODELS OF RISK ANALYSIS AND EXPOSURE ASSESSMENT
The development of computational methods and the ability to model systems more precisely now enable hazards to be quantified, their effects to be simulated, and risk analysis to be pursued with greater accuracy. This leads to a more effective risk management. These developments are not only important for all areas of human endeavour, but have particular relevance to environmental issues where the risks involved are increasingly seen as substantial. However, no evidence of a computer model of total risk assessment, which regards the knowledge gaps indicated in Section 2.0, has been found. The case is identical in terms of computer modelling for exposure assessment alone, as and RIP (Golder Associates, 1998; Landcare Research, 2003) . The first four computer models were specifically designed for landfills, although the features of the RIP (Repository Integration Programme) were subsequently extended to take landfills into account on a comparatively large scale. While other software types studied are not demonstrably related to landfill risks, they could still be used to an extent to investigate some aspects of landfill exposure assessments and consequently risk assessments.
As far as software packages addressing landfill risk assessment are concerned they do not holistically encapsulate all elements of risk analysis methodology for landfills, including that of exposure assessment. However, some of the computer models could deal with some aspects of exposure assessment for landfills. For example, the RIP, which is an integrated probabilistic simulator for environmental systems, has been designed generally for any potential pollutant source in the ground e.g. a chemical storage tank. So with the RIP, which is a generic software model, risk assessors have to adapt it to their specific problems (such as landfills). This adaptation is time consuming and it is not an easy task for everyone (Miller, 1998) . The RIP has features, which embrace source, pathway and receptor. This it does in terms of likely concentrations of hazards leaking from the source, migrating via a pathway, and reaching and entering receptors. However, the RIP does not readily provide such a straightforward exposure assessment procedure for landfill leachate where a landfill assessor could identify and categorise hazards' source (that is a given landfill), pathways (mainly exposure media) and receptors. In the same manner, it also does not readily provide for a consideration of statistical descriptions for maximum and mean exposure values.
On the other hand the LandSim model, which is purely for landfill risk assessment, does not embed all parts of a landfill risk assessment process, including that of exposure assessment. LandSim just probabilistically estimates the likely concentration of a leachate pollutant that can reach a given point in the ground (for example a groundwater abstraction point) in a certain time, in terms of years. It does not allow for the quantification of exposure such as what would be the degree of exposure for people (or livestock) if they were to consume this groundwater. Therefore, the LandSim's characteristic of pollutant concentration estimation in an exposure medium such as groundwater can be taken a step further to quantify exposure to, for instance, live-stock or a fish farm, which would make quantitative risk assessment more comprehensive. This way, a holistic exposure assessment methodology can be useful to further build on the information obtained from a software model such as LandSim. Similarly, HELP (Hydro-geological Evaluation of Landfill Performance) model contains only some aspects of landfill risk assessment. These are mainly the design features of landfill (such as liners and capping) and some of the baseline study aspects (like precipitation and surface runoff). However, it does not consider a very important aspect of risk assessment, that is an exposure assessment system. Although the software GasSim deals with some aspects of risk assessment modules, including gas generation, migration, impact and exposure, it is only for landfill gas and not leachate. Also, the exposure aspect regards mainly humans and atmosphere as receptors and no other environmental species are accounted for. GasSimLite is also from the perspective of landfill gas only and can be used only in terms of calculating gas emissions. Ecological Risk is another module or unit of the SADA which allows users to perform benchmark screenings and the ability to calculate forward risk to a number of terrestrial and aquatic receptors that are currently being added. Even after this module has been fully developed, it may only be helpful to an extent to address a few aspects of landfill exposure assessments. For instance, assisting in identifying a whole range of environmental receptors (both aquatic and terrestrial) and yet for humans as receptors, the user still will have to consult the former module i.e. Human Health Risk module. SADA appears to inhouse a number of various software to address a range of different risk scenarios. Thus, a landfill assessor will have to work on picking the right combinations of these different software each time they are carrying out a landfill exposure analysis and yet SADA will not provide for each and every facet of landfill exposure assessment in a readily useable format.
Moreover, as the title 'Spatial Analysis and Decision Assistance (SADA)'states, the focus appears to be more on spatial than temporal.
ARAMS (Adaptable Risk Assessment Modelling System) is a computer-based, modelling and database driven analysis system developed for the US Army for estimating the human and ecological health impacts and risk associated with military relevant compounds (MRCs) and other constituents (ERDC, 2006) . ARAMS takes various existing databases and models for exposure, intake / update, and effects (health impacts) and incorporates them into conceptual site-models. The user may need to choose which particular model and / or database to use for each scenario. The heart of ARAMS is the object-oriented Conceptual Site Model (CSM) but that relies yet on another computer programme called FRAMES discussed below. Thus it is not an easy task to adapt ARAMS into a landfill leachate scenario every time if a landfill assessor decides to use ARAMS.
Although, ARAMS appears to concentrate mostly on the exposure assessment facet of risk analysis, it does not cover all the elements indicated in Table 1 FRAMES (Framework for Risk Analysis Multimedia Environmental Systems) is a software platform for selecting and implementing environmental software models for risk assessment and management problems which may even include governance issues (Evangelidis, 2003) . In other words, the purpose of FRAMES is to assist users in developing environmental scenarios and to provide options for selecting the most appropriate computer codes to conduct human and environmental risk management analyses (PNNL, 2006b ). This program is a flexible tool and offers an overall approach to understanding how industrial activities affect humans and the environment. It incorporates models that integrate across scientific disciplines, allowing for tailored solutions to specific activities, and it provides meaningful information to business and technical managers.
FRAMES is the key to identifying, analysing, and managing potential environmental, safety and health risks. Thus, FRAMES is a hugely generic programme, and yet it does not contain a software for landfill leachate scenario which could guide a landfill assessor to perform a landfill exposure analysis holistically including all the factors (mentioned in Row 1, Table 1 ) in one place.
The RESRAD is a combination of two words RESidual and RADiation (DMS, 2006), which is used as an acronym for Residual Radiation environmental analysis (Farlex, 2006) . The RESRAD is a family of computer codes or modules to provide a scientifically based assessment of degree of cleanliness and to equip with useful tools for evaluating human health risk from residual contamination (EAD, 2006a). These codes or modules include (EAD, 2006a; 2006b):
1. RESRAD, for soil contaminated with radio-nuclides; 2. RESRADBUILD, for buildings contaminated with radio-nuclides; 3. RESRAD-CHEM, for soil contaminated with hazardous chemicals; 4. RESRADBASELINE, for risk assessments against measured (baseline) concentrations of both radio-nuclides and chemicals in environmental media; 5. RESRAD-ECORISK, for ecological risk assessments; 6. RESRAD-RECYCLE, for recycle and reuse of radio-logically contaminated metals and equipment; and 7. RESRAD-OFFSITE, for off-site receptor dose / risk assessment.
From the above it is obvious that none of the family members is specifically for landfill leachate, although addressing a range of various environmental issues and aspects. Even if these codes or modules are used in combination, they are not able to address all the features of exposure analysis of landfill leachate expressed in Table 1 , Row 1. Furthermore, to combine these into a landfill leachate context alone would be a cumbersome task to execute each time an exposure assessment and risk analysis are performed for different landfill scenarios. For instance, RESRAD-CHEM considers nine exposure pathways including inhalation of dust and volatiles; ingestion of plant Table 1 ) and statistical considerations (Point 5, first row of Table 1 ) are also absent.
In summary, the authors have come across no integrated computer model of a holistic exposure assessment procedure which could assist to execute the exposure analysis process specifically for a given landfill leachate from start to end considering a whole range of eventualities and / or scenarios. Currently available computer models lack the elements indicated in the first row of Table   1 , either completely or partly. These absent elements or knowledge gaps require to be further investigated and bridged. Also, current computer models do not present such a concise exposure assessment model for landfill leachate, which as a complete unit, could readily be assembled with the format of other modules and sub-modules of the total risk assessment framework indicated in Figure 2 . In parallel to the literature (Section 2.0), computer models are also available in nonintegrated manner. Thus, not only having a holistic procedure of exposure assessment but also a corresponding computer model in an integrated format, specifically for landfill leachate, which encapsulates all the absent elements (Row 1, Table 1 ) under one umbrella, can help perform quantitative exposure analysis more effectively and efficiently. Subsequently, this will assist risk analysis process.
CONCLUDING REMARKS
Despite having high potentials to pollute the environment, landfills are inevitable and required.
Therefore, risk assessment and management is an effective tool to guard the environment against landfill hazards. However, there does not exist such an integrated methodology of landfill risk analysis along with a corresponding knowledge-based computer model, which is helpful enough to execute the process of risk assessment for landfill leachate from the start (i.e. baseline study) through exposure assessment to the end (i.e. hazard indices and risk quantification). A number of knowledge gaps have been identified in the literature reviewed to date and a holistic exposure assessment procedure accompanied with a corresponding computer model is one of them. The exposure assessment is one of the most important factors of an effective and quantitative risk analysis, as the success of the latter is based on the former.
Current literature and models are just about enough to meet the risk assessment requirements of the present environmental legislation in the UK. Future legislation is going to be more stringent and wider in scope to encapsulate more environmental species such as various food chain links, ecological systems, terrestrial and aquatic flora and fauna. Therefore a more comprehensive, concise and robust risk analysis system underpinned by more strategic exposure assessment approach will be needed. This research work assists the authors to recognise the necessity and significance of exposure assessment; and identify knowledge gaps and current models' limitations.
Thereby, lay foundation for developing in future a more complete and sequential or step-by-step procedure for quantitative exposure assessment in an integrated fashion specifically for landfill leachate. This study may also be helpful to construct a corresponding holistic computer model of exposure analysis.
6. Bardos, P.; Nathanail, P; and Nathanail, J., Risk Assessment -Have you got a real problem?, From the term 'elements absent' the author imply knowledge gaps and limitations in the research works to date with regard to exposure assessments from the perspective of landfill exposure analysis.
1. There is absence of an identification and categorisation procedure of pollutants at source (i.e. a given landfill), pathways (including exposure medium and exposure routes such as ingestion, dermal, inhalation), and receptors / targets are absent.
(a).
There is a deficiency of a system for measuring or quantifying exposure of receptors to hazards, covering all possible exposure routes via which hazards can possibly enter receptors' boundaries.
(b). There is no function or facility that allows exposures from various individual exposure routes to be aggregated for a given receptor exposed to a given hazard.
3. There is no consideration given to assess significance of and likely uncertainties involved in the elements, particularly exposure measurement, indicated above. There is no strategic procedure to carry out exposure assessment process in a quantitative manner for landfill leachate, which could take account of all possible scenarios. There is lack of in-depth algorithmic exposure quantification system that sequentially ties together the factors involved such as exposure duration, frequency, exposure media and routes. In summary, it is not in remit of this publication to address all the elements mentioned above (in Row 1) in a holistic format specifically for landfill leachate.
CIRIA, 2001
This publication is only for closed landfill sites. The publication contains a chapter specifically on risk assessment, which also contains a brief section on exposure There is no procedure for exposure assessment. Gregory, R. G.
et. al., 1999
This publication is for risk analysis of landfill gas only.
Concerns mainly humans as receptors. Engages with some risk assessment modules such as gas generation, human exposure assessment with quantification aspect, pollutants' migration.
The risk quantification aspect is absent. It is not for landfill leachate.
Element 5 above is not embedded, even for landfill gas. This publication, which is a paper, is related to risk assessment and thus also briefly mentions Exposure Assessment. However this publication is related to landfill gas and not leachate. Thus, it focuses on exposure route of inhalation only. Also, it identifies some sensitivities and uncertainties associated with Exposure Assessment.
Apart from a very limited section on exposure assessment, there is no procedure for describing how to perform exposure analysis process. All the elements mentioned above are absent from the perspective of leachate. Although the first four elements are partly addressed to an extent, but the consideration is from the landfill gas perspective. In addition to other old literature on landfill assessment discussed earlier in this paper, these were also investigated to make sure if there was any work done on exposure analysis, relatively further in the past. These have been This publication is not to describe a strategic procedure to carry out exposure assessment process in a quantitative manner.
CPPD, 2004
Currently the publication is in a draft form. It regards hazard and risk assessment in the context of natural hazards such as flooding, earthquake, landslides, wildfire.
The publication is not for anthropogenic activities in the first place.
Therefore does not consider landfills at all. Though discusses various natural hazards with statistics but does not present a structured exposure analysis procedure even for the natural hazards covered. 
